Abstract: High temperatures affect potato production in the tropics, putting tuber yield and quality at risk and leading to increased glycoalkaloid concentration the cause of the bitter taste in potatoes and a cause for concern for human health. The International Potato Center (CIP), has developed new heat tolerant clones which are heat tolerant and also resistant to late blight. These clones offer an opportunity to evaluate yield and glycoalkaloid levels after growth under high temperature environments. We evaluated four sets of 16 full-sib families and 20 clones for tuber yield and glycoalkaloid content in order to estimate narrow-sense and broad-sense heritability respectively. We used a randomized complete block design replicated in three locations in Peru; San Ramon, La Molina and Majes At harvest, the number and weight of marketable and nonmarketable tubers were recorded. We analyzed samples of tubers from each clone for glycoalkaloid content using spectrophotometry. Narrow-sense heritability for tuber yield, tuber number and average tuber weight were 0.41, 0.50 and 0.83, respectively, indicating that further gains in breeding for heat tolerance will be possible. Broadsense heritability for glycoalkaloid content was 0.63 and correlation with tuber yield was weak, r=0.33 and R²=0.11 (P<0.01). High heritability and weak correlation will allow us to select clones with high tuber yield and low glycoalkaloid content, to serve as candidate varieties and parents in breeding programs.
Introduction
Climate change is already affecting weather patterns in traditional potato growing areas, where unpredictable rain fall and higher temperatures, increase pressure by pests and diseases and put tuber yield and quality at risk (Hijmans 2003; Levy and Veilleux 2007) . High temperature is one of the major abiotic stresses on potato production in many areas in the world and especially in the tropics (Birch et al. 2012) , and may lead to a drastic reduction of tuber yield. Yield reduction however is not the only indicator of potato susceptibility to high temperature, since the occurrence of secondary tuberization and tuber defects of a physiological nature (Rykaczewska 2015) , should also be taken into account. Examples of the latter include: reduced photosynthesis and increased respiration;, inhibition of tuber initiation and growth; acceleration of haulm growth and appearance of tuber disorders such as second growth, cracks, sprouting, deformations, reduced tuber dry matter content and raised glycoalkaloid content (Levy and Veilleux 2007) . High temperatures particularly at night during tuberization, decrease partitioning to tubers favoring haulm growth (Ewing 1981) . High levels of glycoalkaloid give potatoes an unpleasant flavor and could be toxic to humans (Storey and Davies 1992) . The maximum allowed level is 20mg/100g of fresh weight (FW), but levels below 7mg/100gFW are preferred in new potato varieties (Jacob van Dam 2002) .
Average tuber weight has been suggested by Jefferies and MacKerron (1987) as an important factor influencing tuber yield, and Thompson et al. (1983) have suggested using average tuber weight as an indirect selection criterion. Shung-Lin Zheng et al. (2016) show that there is negative correlation between tuber number and harvestable yield in fall and spring seasons and the yield components differed slightly in their contribution to overall yield. Luthra et al. (2013) , estimated ten genetic parameters in 105 potato genotypes during 2007 and 2008 under high temperature stress conditions in an effort to aid identification of superior parents with high tuber yield. These authors found high genetic variability, heritability and genetic advance for tuber yield and its components while total tuber yield has a significant positive correlation with marketable tuber yield and average tuber weight. Tuber number were positively correlated with stem number and negatively correlated with average tuber weight. The results showed that parental lines could be selected based on tuber yield and its components. But other estimates of heritability under conditions of unfavorable environments with high temperatures were low; Gandolfi and Pereira (2011) recommended using other selection criteria that are correlated with tuber yield as indicators of heat tolerance.
Van Dam et al. (1999) found high heritability estimates for glycoalkaloid content and no association with a large number of agronomic characters. High heritability in the broad-sense had also been found for total glycoalkaloid content in tetraploid potatoes in a study by Sanford and Sinden (1972) .
Heat tolerance is not necessarily correlated with high levels of glycoalkaloid in tubers and thus it is possible to find tolerant clones with low content of glycoalkaloid when grown under conditions of high temperatures (Veilleux et al. 1997) .
Potato breeding in the past was mainly focused on tuber yield, quality and resistance to pests and diseases, quality, being less oriented towards tolerance to abiotic stress (Schafleitner et al. 2011) . Breeding for heat tolerance should focus on effect of high temperatures on tuberization, since potato tuber initiation and development are very sensitive to high temperatures (Muthoni and Kabira 2015) .
Since 2004, The International Potato Center (CIP) has sought to improve the heat tolerance of its late-blight resistant population, B3, by developing the new late blight and temperature tolerant 'LBHT' population (Gastelo et al. 2015) . The aim was to obtain potato clones with high levels of resistance to late blight, with high tuber yield under high temperatures, more than 20°C at night, low glycoalcaloid content and early maturity (90 days), adapted to tropical mid-elevation environments.
In the present study, we determined the narrow-sense heritability of yield components and broad-sense heritability of glycoalkaloid content and its correlation with tuber yield in 'CIP's LBHT' population. The aim was to use yield components as secondary traits for improving tuber yield and heat tolerance in potato breeding, ensuring the productivity and quality of new heat-tolerant potato varieties, with high tuber yield and low glycoalkaloid content even when raised under warm environments. These progenitors could then serve as parents in breeding programs.
Methods

Estimation of narrow-sense heritability for yield components
In order to determine the narrow-sense heritability for yield components in the LBHT population, 32 clones were taken at random and were crossed at the Huancayo, CIPExperimental station in Peru in 2012 under greenhouse conditions using a North Carolina II mating design, in four sets with four female and four male progenitors, producing 16 full-sib progenies per set, in total 64 full-sib families. Tuber families of each progeny were generated in 2013 in Lima under greenhouse and then increased in field conditions at Huancayo in November 2013 and April 2014. During 2014 -2015, we evaluated the progenies under field conditions, in three warm environments in Peru: San Ramon, planted in July and harvested in October 2014, La Molina, and Majes, planted in November 2014 and harvested in February 2015 (Table 1) . Average temperatures at these sites at night were between 16 to 23°C, and daytime temperatures fluctuated between 23 to 28°C. Temperature is very important for the formation of potato tubers, especially nighttime temperatures, since the night-time process of tuberization is inhibited above 20°C, (Figure 1 ,2,3,4). took place one week later. Number of harvested plants, number and weight of marketable and non-marketable tubers were recorded. Additive and non-additive genetic variance and narrow-sense heritability were calculated from the male and female variance components, assuming random effects of parents and environments, Model II, (Tables 2,3 ) (Hallauer and Miranda 1981) . The correlation between yield components and tuber yield was calculated using Pearson's correlation coefficient (p<0.01).
We used randomized complete block (RCB) design with four sets and 3 replications of 50 genotypes per progeny. The plots consisted of two rows of 25 plants each, the distance between rows was 0.90 m and between plants 0.30 m. The field management was the same as in commercial potato fields with sowing and harvesting done manually. No fungicides were applied. Irrigation was achieved by row in La Molina and San Ramon and by drip irrigation in Majes. Vine-killing occurred at 90 days after planting and the harvest 
Estimation of broad-sense heritability for Glycoalkaloid content
We also estimated, the broad-sense heritability for accumulation of glycoalkaloid content in tubers of LBHT clones with resistance to Late Blight and heat tolerance under high temperature conditions. In 2014-2015, three experiments were conducted under warm environments: San Ramon, La Molina and Majes in Peru (Table 1) . Twenty LBHT elite clones (Centro Internacional de la Papa 2014), and control varieties: Unica and Desiree, were evaluated in a RCB design with three replications (Table 4) . Spacing of rows in the plots was 0.9m, each row containing 10 plants spaced at 0.3m. Field management was commercially based with manual operations throughout. Vines were killed 90 days after planting and the harvest was made one week later. Fungicides were not applied for the control of late blight. In all experiments, the number of harvested plants, and number and weight of marketable and non-marketable tubers were recorded. For glycolakaloid analysis, in all locations, 15 peeled tubers of medium and uniform size, free of greenings per clone per each replicate were sampled and then freeze-dried and milled from each clone were prepared and stored at -80°C until analysis of total glycoalkaloids was performed. Total glycoalkaloid was analysed using the method described by Hellenas et al. (1986) . Briefly, glycoalkaloid extraction was achieved using methanol and chloroform before concentration at 60°C in a rotary evaporator. The extract was transferred to a 2% acetic acid solution and then purified using ammonium hydroxide at 85 °C and ultracentrifugation at 27,000 rpm. The pellet was reacted with 85% orthophosphoric acid and read at 408 nm. The determination of total glycoalkaloids was achieved against a standard curve of α-chaconine as reference. Heritability in the broad-sense at 95% of confidentiality (Knapp 1986 ) and Pearson's correlation (p<0.01) between tuber yield and glycoalkaloid content were estimated.
In both experiments, the GLM procedure in SAS for Windows, version 9.4 (SAS Institute Inc.) software was used for statistical and genetic analysis.
Results
Estimation of narrow-sense heritability for Yield components
A combined analysis of variance for tuber number, yield per plant and average tuber weight showed highly significant differences (p<0.01) for environment, male and female/sets, and male/set x environment. Female/set x environment was not significant for tuber number per plant, but highly significant for average tuber weight and tuber yield per plant (p<0.01) ( Table 5) . For tuber number per plant, additive genetic variance was higher than non-additive genetic variance estimated from male and female variance component; for average tuber weight additive genetic variance was higher than non-additive genetic variance, estimated from male variance component, conversely non-additive genetic variance was higher than additive genetic variance estimated from female variance component. For tuber yield per plant additive and non-additive genetic variances had similar magnitudes estimated from male variance component and non-additive genetic variance was higher than additive genetic variance from female variance components, (Table 6) .
Narrow-sense heritability of tuber number per plant estimated from both male and female variance was high h²=0.50 and 0.76 respectively, for average tuber weight estimated from male variance component was very high h²=0.83, but estimated from female variance component was low h²=0.25. The estimate for tuber yield per plant from male h²=041 was higher than that estimated from female component h²=0.30. Pearson correlations among tuber number per plant and average tuber weight were highly significant (p<0.01) and positive correlation to tuber yield per plant r=0.769 and 0.742 respectively (Table 7) . Tuber number per plant and average tuber weight predict the tuber yield per plant in R²=0.59 and 0.55 respectively.
Estimation of broad-sense heritability for Glycoalkaloid content
Combined analysis of variance for marketable tuber yield (tha -1 ) and glycoalkaloid content (mg/100g FW) in peeled tubers showed highly significant differences among environments, clones and clones x environments (p<0.01).
Estimates of genetic variances and broad-sense heritability for glycoalkaloid content in peeled tubers are shown in table 8, where broad-sense heritability of glycoalkaloid content was high, h²=0.63, and Pearson's correlation between glycoalkaloid content and marketable tuber yield under high temperatures in all locations was weak r=0.33 and R²=0.11 (p<0.01). Correlations per locality was also weak, with r= 0.34, 0.26 and 0.09 and R²=0.12, 0.07 and 0.01 for La Molina, Majes and San Ramon respectively.
Marketable tuber yield under strong heat stress and with added virus pressure in the humid tropical midelevation environment of San Ramon was in the range from 9.95 to 48.42 tha -1. compared to the average over three warm environments of from 8.08 to 32.49 tha -1 . Glycoalkaloid content in San Ramon, best placed in order to select clones with heat tolerance, ranged from 1.27 to 90.99 mg/100g FW. Ten clones showed high tuber yield but lower glycoalkaloid content, lower that the safe 
Discussion
Estimation of narrow-sense heritability for yield components
Late-blight heat tolerant (LBHT) clones selected under the humid tropical mid-elevation environment in San Ramon, used in this study, showed adaptation to high temperatures in warm environments, one of the major abiotic factors affecting the production of tubers in potato crop under climate change. Narrow-sense heritability for tuber yield per plant indicated that the estimated genetic and non-additive genetic variances from male and female variance components are sufficient in order to improve the frequency of genes and genotypes favorable for this trait under warm environments and climate change conditions.
The narrow-sense heritability of the number of tubers per plant was high for both male and female variance components, the additive genetic variance being more important than the non-additive genetic variance, and allowing us to be sure of selecting clones producing more tubers. The high association found with tuber yield per plant, where 59% depends on the number of tubers, will allow us to select clones with high tuber yield using this trait as indirect selection criterion.
The narrow-sense heritability of average tuber weight was very high, when estimated from male variance, but was low when it was estimated from the female variance component, possibly due to maternal cytoplasmic effects affecting the expression of this character and a property that should be further researched. In this study, average tuber weight was highly correlated with and thus accounts for 55% of tuber yield. This agrees with Jefferies and MacKerron (1987) , who found that average tuber weight was an important factor influencing tuber yield, and Thompson et al. (1983) who had suggested using average tuber weight as an indirect selection criterion.
High heritability for yield components in the LBHT population indicates that there is enough genetic variability for further gains in selectively breeding for tuber yield under warm conditions.
Estimation of broad-sense heritability for glycoalkaloid content
The second study estimating the broad-sense heritability of glycoalkaloid content, indicated high heritability and a weak correlation with marketable tuber yield. This will allow us to select clones with high tuber yield and low glycoalkaloid content.
Under humid tropical mid-elevation environments (San Ramon), ten LBHT clones showed high marketable tuber yield and a glycoalkaloid content that was lower than the safe level in tubers (20 mg/100g FW) as laid down by Jacob van Dam (2002) . Eight clones, showed low glycoalkaloid content and high marketable tuber weight and so would be suitable parents in breeding programs aimed at improving heat tolerance with minimum risk of glycoalkaloid accumulation under high temperatures stress or to be used to develop new varieties suitable for hight heat stress (Table 9, Figure 2) .
In Tropical lowlands (La Molina) and tropical midelevation (Majes) environments, the glycoalkaloid content was lower than that in the humid tropical mid-elevation (San Ramon), with its the lower temperatures, especially at night during the tuberization season, demonstrating that as night temperatures increase above 20°C glycoalkaloid levels can increase, as observed in San Ramon, where temperatures were higher (see Table 1 ,9 and Figures 1-4) .
High heritability for glycoalkaloid concentration and weak correlation with marketable tuber yield, will allow us to select clones with high tuber yield and low glycoalkaloid content suitable as candidate varieties and/ or parents in breeding programs.
Given the our finding of high concentrations of glycoalkaloid in population under warm environments, assessment of parental value for this feature is recommended when selecting clones for further breeding.
